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Introduction
Isomeric or metastable states have been and continue to be valuable sources for probing nuclear structure models [1] . In many cases they provide the first profound glimpse of excited states in nuclei far from the line of β-stability and thus pave the way for further, more comprehensive studies at the edge of nuclear existence. Modern experimental approaches have become sufficiently sensitive to discriminate isomeric states based on samples of sometimes less than a thousand synthesized nuclei of a given speciesat least as long as they can be provided and identified as isotopically pure samples [2, 3, 4, 5, 6] .
Isomeric states are common in the vicinity of doubly-magic nuclei, i.e., isotopes for which both proton and neutron numbers are near closed shells. Thereby they probe the nuclear interaction used to describe these fix points of the spherical shell model at the same time as they provide severe contraints on the respective parameter sets. In particular, they probe excitation energies and electromagnetic decay properties of states, which are, for example, based on couplings of one or few holes in shells below a magic gap with one or a few particles situated in shells above a magic gap.
For self-conjugate nuclei as well as for neighbouring isotopes the isospin degree of freedom can be efficiently probed, i.e., to which extent the charge symmetry and charge independence of the strong force holds inside the nuclear medium, though isospin symmetry is naturally broken by the electromagnetic force. In this respect socalled 'mirror isomers' play a crucial role -these are isobaric analogue states with the same quantum numbers but in nuclei, which have the number of protons and neutrons interchanged. Early experimental studies were performed already decades ago on isomeric spin I π = 19/2 − isobaric analogue states in the mass A = 43, T z = ±1/2 mirror pair 43 Sc and 43 Ti [7, 8] . These isobars possess one proton and two neutrons or one neutron and two protons outside the doubly-magic N = Z = 20 40 Ca core, respectively, i.e., their low-lying negative-parity states are expected to be dominated by rather pure 1f 3 7/2 configurations. Furthermore, isomeric 3/2 + states are reported well below the pairing gap in both 43 Sc and 43 Ti. They are found to essentially decay by magnetic quadrupole, M 2, γ-ray transitions into the respective 7/2 − ground states [9] . The underlying leading structure of such 3/2 + states involves 1d 3/2 −1 × [1f 4 7/2 ] 0 partitions, for which the anti-aligned proton-neutron coupling in the 1f 7/2 shell is thought to be responsible for re-gaining the energy of exciting a nucleon across the shell gap at particle number 20 [9, 10] . Mainly owing to limited computational power, these early studies invoked rather limited shell-model configuration spaces, and Coulomb displacement energies of isobaric analogue states were rather discussed on a macroscopic and systematic level [9, 11] .
Recent years have seen significant steps taken towards the microscopic understanding of 'mirror energy differences' (MED), i.e. differences in excitation energies of analogue states, in a number of T z = ±1/2 mirror pairs and T z = 0, ±1 isospin triplets located between 40 Ca and 56 Ni on the chart of nuclei [12] , and also beyond 56 Ni [13, 14] . Proper descriptions of MED sequences in these pf -shell nuclei call for an isospin breaking part in the strong force [15, 12] , and there is an overall excellent quality of agreement in this mass regime between experiment and predictions based on modern large-scale shell-model approaches -with only few exceptions as pointed out in, for example, [16, 17, 18] . There have also been first attempts of shell-model calculations in larger model spaces, i.e., coupling 1d 3/2 particles to the pf shell [19] with significant progress towards full sd-pf calculations within the spherical shell-model and approaches based on density functional theory [20] . These theoretical descriptions provided very good agreement with recent experimental high-spin data [21, 22] .
Similar to these 1d 3/2 'extruder' states in the lower half of the 1f 7/2 shell, 1g 9/2 'intruder' states readily occur in the upper half of the 1f 7/2 shell below the doublymagic N = Z = 28 nucleus 56 Ni [23, 24, 25] . However, the inclusion of either the full sd, the 1d 3/2 , or the 1g 9/2 shell to the usually very successful 'pure' pf shellmodel space does not only cause a significant increase in the dimensions of the Slater determinants to be diagonalized, but also induces technical problems within the prescriptions of the spherical shell model [26] .
In fact, it is an ongoing challenge for modern isospin-dependent large-scale shell-model descriptions to properly describe mirror isomers in nuclei located in the 1f 7/2 shell -not only in terms of excitation energy, but moreover by means of dynamic and static electromagnetic moments. The aim of the present work is to re-iterate the process based on revised and new experimental results combined with recent shell-model developments. Section 2 presents some details of the experimental approach. In section 3 the data analysis is described and the partially new and partially refined results on isomeric mirror states in the lower half of the 1f 7/2 shell are summarized. They are discussed in the framework of contemporary large-scale shell-model calculations in section 4.
Experimental approach
A unique method to correlate the γ radiation from isomeric states with a given isotope involves the production of rare isotopes by fragmentation reactions followed by separation, event-by-event identification, and implantation of the residues in the focus of a Ge-detector array. The present experiment was performed within the Rare Isotope Spectroscopic INvestigations at GSI (Rising) campaign. Here, isomeric states in the nuclei of interest were populated by the fragmentation of a 58 Ni primary beam at 550 MeV/u impinging on a 4 g/cm 2 Be target. The beam was provided by the UNILAC-SIS accelerator complex at the GSI Helmholtzzentrum für Schwerionenforschung mbH, Darmstadt, Germany.
The reaction products subsequently entered the roughly 70 m long FRagment Separator (FRS) [27] . Because of the high kinetic energies and relatively low mass, both beam particles and residues travelled with charge states Q = Z, i.e. with with the transmitted ions being fully stripped of atomic electrons.
The FRS separation scheme is based on a Bρ − ∆E − Bρ sequence [27] and, generally speaking, foresees the transport of a certain, selected portion of the chart of nuclei from the radiation hot target spot to the radiation cool final focus. Figure 1 provides the identification plot of the nuclides identified in the current work. These are in total 24 N ≤ Z nuclides with proton numbers ranging from potassium, Z = 19, to manganese, Z = 25. For each entry in figure 1 a restrictive use of the full suite of signals from scintillator and ionization detectors placed at the intermediate and final focii of the FRS has been made [27, 28, 29] . In this way of complete tracking, a total of 1.17 million fragments can be uniquely identified.
In the offline analysis it was noticed that many events (and in particular those associated with the lighter fragments) were missing proper tracking information from two multi-wire detector systems. This can be attributed to a too low gas pressure, i.e., the lesser ionizing lighter fragments produced too small signals to surpass the threshold level of the associated electronics. Nevertheless, it is possible to recover almost all of these events, because for light nuclei the time-of-flight measurement between the intermediate and the final focus of the FRS turned out to be sufficiently precise to distinguish the A/Z ratio for a given element, with the Z separation provided independently using the ion energy losses in the MUSIC detectors (cf. figure 1) . In a next step, events lacking complete tracking information are identifiable by considering the average track of a given isotope species, which can be easily derived from the 1.17 million completely determined events. This leads ultimately to an identification plot similar to figure 1, but with almost five times more entries, namely 5.38 million 'partially tracked' ones [29] . Thereby the 'gain factors' varied strongly between about two for the heavier Mn or Cr fragments up to about one hundred for the lighter Ca isotopes.
Following the decelaration in an aluminum degrader and a survival check in a plastic scintillator placed behind this degrader, the fragments were ultimately stopped in a 12 mm thick piece of plastic, which was positioned in the centre of the Rising γ-ray detector array. For the present experiment, the travel time of the nuclei of interest from the primary beryllium fragmentation target to this implantation point amounts to some 350 ns. Note, however, that electromagnetic decays via inner conversion are prohibited during the flight, since the fragments are bare nuclei.
The Rising array itself comprises fifteen high-resolution and high-efficiency Cluster germanium detectors [30] , each consisting of seven large-volume Ge-detector crystals. The 105 Ge-detector signals were each divided into two separate branches. The first branch was read out by digital electronics providing the energy and the timing of the γ-ray events, the latter in steps of 25 ns with respect to the trigger signal. This signal was generated by each ion passing through the first fast plastic scintillation detector positioned in the final FRS focal plane area. The second branch employed a conventional sequence of timing electronics, namely a fast amplification stage followed by constant fraction discrimination and time-to-digital converters with a resolution of less than 1 ns per digitized channel. The data acquisition system had a selected waiting time of up to 200 µs after a trigger signal, before it reset and would accept a trigger from another fragment. The events were stored in listmode on computer hard disks, comprising the encoded information of the FRS detectors and time and energy of the correlated, prompt and delayed γ rays. More information on the experiment and the respective Rising set-up can be found in [28, 29, 31] .
Analysis and results
In the beginning of the analysis, the 'partially tracked' data set was employed to inspect γ-ray spectra, which are correlated with a preceding implantation of one of the 24 ion species displayed in figure 1. Different generic ranges for the correlation time period after the implantation have been investigated, focusing on isomeric γ decay in the few-hundred nanosecond, several microsecond, and several tens of microsecond regimes. Since the γ-ray spectra related to the relatively abundant isotopes 44 V (9.4 · 10 5 implantations) and 46 Cr (7.5 · 10 5 implantations) do not show any sign of isotope-correlated delayed γ rays, i.e., isomeric states, normalized summed γ-ray spectra of these two nuclides serve as background references. Note that different time ranges yield different γ-ray background spectra for Figs. 2, 3, 5, and 6.
The comparison of isotope specific γ-ray spectra with these background reference spectra gives rise to the confirmation of established isomers in the odd-odd N = Z nuclei 38 K -(7) + state at 3458 keV, T 1/2 = 21.95(11) µs, [32, 33] -and, very weakly due to the long half-live, 46 V -3 + state at 801 keV, T 1/2 = 1.02(7) ms, [34, 35] . The procedure leads further to the observation and improvement of the knowledge of isomers in the N = Z − 1, T z = −1/2 nuclei 43 Ti -(3/2 + ) state at 313 keV, T 1/2 = 12.6(6) µs, [9, 36] ; (19/2 − ) at 3066 keV, T 1/2 = 560(6) ns, [7, 8, 36 ] -and 45 V -(3/2 − ) at 57 keV, T 1/2 = 0.43(8) µs, [10, 37] . Finally, evidence was found for a previously unreported long-lived isomeric state in the exotic N = Z − 3, T z = −3/2 nucleus 45 Cr. Figure 2 illustrates the method of combining isotopically selected sources and high-resolution γ-ray spectroscopy: The spectrum is correlated with 6.1 · 10 5 43 Ti nuclei in the time range between 6.0 and 66 µs after their implantation. Long-lived background radiation has been accounted for in the way described above. Since the lower time limit amounts to more than ten half-lives of the 19/2 − isomer in 43 Ti, the resulting γ-ray spectrum in figure 2 contains exactly one peak at 313 keV. This peak identifies the decay of an isomeric 3/2 + state at 313 keV excitation energy. The inset shows the decay curve of the γ-ray transition at 313 keV. A least-squares fit to the data points yields a half-life of T 1/2 = 11.7(3) µs, which is somewhat lower than but still consistent with the literature value of T 1/2 = 12.6(6) µs [9, 36] .
A decay function f (t) = A 0 · exp(A 1 t) + A 2 has been chosen, and the best values of the three parameters A 0 , A 1 , and A 2 are found by a χ 2 minimisation on a fine three-dimensional grid. The experimental uncertainties of the spectrum in the inset of figure 2 are taken into account. The uncertainty of one specific coefficient is found by stepping away from its optimum value until χ 2 = χ 2 min + 1, while varying the respective other two parameters.
The origin of the γ-ray spectrum in figure 3 is essentially the same as the one in figure 2. The only difference is that the time window is moved to somewhat shorter times, 0.25 µs < t < 3.8 µs. This spectrum thus focuses on the 19/2 − isomer in 43 Ti and its cascading E2 decay towards the 7/2 − ground state via the γ-ray lines at 115, 1094, and 1858 keV. (The peak at 313 keV in figure 3 stands for decays associated with the early decays of the microsecond isomer discussed above.) The inset of figure 3 uses the full statistics of the cascade and shows the combined decay curve of the 115, 1094, and 1858 keV transitions. The present half-life result, T 1/2 = 551(7) ns, is consistent with literature [7, 8, 36] . For reference, the isomeric decay scheme of 43 Ti is given in figure 4 with the adopted half-life values and suggested spins and parities of the excited states [36] . The numerical results are summarized in table 1. Figure 5 provides the background subtracted γ-ray spectra correlated with 2.2·10 5 implanted 45 V ions. One transition at 57 keV is observed, corresponding to the decay of the previously reported (3/2 − ) level at 56.4 keV excitation energy [10, 37] . The half-life deduced from the decay curve shown in the inset of figure 5 amounts to T 1/2 = 468(23) ns, which is consistent with the result obtained in [10] , namely
A perviously unreported and rather long-lived isomeric state is observed in the exotic T z = 3/2 isotope
45 Cr. Figure 6 shows the experimental result. Clearly, there is a peak at 107 keV in the background-free γ-ray spectrum, which is correlated with the implantation of some 2.9 · 10 5 45 Cr nuclei. Nevertheless, the decay spectrum in the inset has considerably less statistics than in the previous, less exotic cases. In addition, the number of counts appears to increase again some 130-150 µs after implantation. The physics explanation would be statistical fluctuations of the decay of a quite long-lived (T 1/2 → ms) state. A technical explanation could lie in the functioning of the digital electronics modules, which at read-out time provide the first measured γ-ray energy (here: 107 keV) following the trigger signal, but with the timing of the latest processed signal. The trigger rate of the experiment of some 5000 per second implies an average time difference between two subsequent ions of about 200 µs. This may lead to events with a transition of 107 keV energy being properly correlated with 45 Cr ions but with times related to γ radiation from subsequently implanted ions being processed in the same electronics module. The lower limit of T 1/2 > 80 µs for the isomer in 45 Cr is thus derived from ion-γ correlations occuring within the first 80 µs after implantation or trigger signal, respectively. 45 Sc is the stable mirror nucleus of 45 Cr. A long-lived, T 1/2 = 318 (7) 
and
Here, b denotes the branching ratio and α tot the total conversion coefficient of the γ-ray transition. Half-lifes, T 1/2 , are in µs and γ-ray energies, E γ , in MeV. 
Discussion
To interpret the refined and new results on isomeric states described in section 3, shellmodel calculations have been performed based on the well-established KB3 and KB3G interactions [41, 42, 43] employing the full pf model space. Isospin-breaking terms both for the Coulomb and the nuclear part of the KB3 interaction as well as effective charges are probed on the A = 43, 45 negative-parity mirror isomers in section 4.1. Detailed polarization effects of nucleons moving in different orbitals outside the 40 Ca core are studied in section 4.2. This approach, which is different from standard shellmodel calculations with a fixed set of effective charges, has been triggered by recent experimental results in heavier pf -shell nuclei [44, 45] and introduced in detail in [46] . Section 4.3 provides first results on M 2 mirror isomers using a restricted sdpf model space [47] .
Isospin-breaking pf shell-model calculations
The shell-model calculations outlined in this section are performed with the code Antoine [48, 49] . Using the notations and descriptions introduced in [12, 14, 15] , multipole harmonic-oscillator Coulomb matrix elements, V CM , the monopole electromagnetic spin-orbit effect, V Cls , and a repulsive 100-keV term for the 1f 2 7/2 , J = 2 two-proton matrix element, V BM , are taken into account. The latter, chargeasymmetric component of the strong nucleon-nucleon interaction was suggested by [15] and supported by several measurements of specific energy differences of excited analogue states in pf -shell mirror nuclei (see, e.g., [50, 51] and [12] for a recent review). More recently, an investigation based on the observation of core excited A = 54 analogue states confirmed this J = 2 two-proton matrix element representing the most relevant isospin-breaking component [52] . Monopole related shifts of singleparticle energy levels, V Cr , are treated along the prescription of [14] .
This
Effective g-factors have been chosen to correspond to free g-factors, and two sets of global pf effective charges have been used: the so-called standard pf -shell ones, e p = 1.5 and e n = 0.5, [42] , and the ones derived experimentally from heavier N ∼ Z pf nuclei, e p = 1.15 and e n = 0.80, [44] . Potential orbital dependencies of effective charges [45, 46] The aim for the model calculations is to reproduce all three experimental numbers, which define an experimental basis comparable to the preceding study of the A = 51 pair [44] . Similar to that, the shell-model wave functions of the concerned states comprise essentially pure, aligned 1f 7/2 3 configurations, namely 90-95% for the initial 19/2 − and some 75% for the final 15/2 − state. These partitions are also quite stable for any modern pf -shell interaction. This becomes apparent, for instance, when comparing corresponding transition rates for KB3 and KB3G in table 2.
Despite the anticipated simplicity of the involved nuclear states and the overall success of the present type of shell-model calculations describing detailed nuclear structure in the pf shell, neither the standard set nor the refined set of effective charges is able to reproduce the B(E2) values and their ratio of the A = 43 mirror system at the same time: With e p = 1.5, e n = 0.5 the calculated B(E2) strength is in very good agreement with the experimental number for 43 Sc, but fails for 43 Ti and, consequently, for the ratio, R. The situation is vice versa for the choice e p = 1.15, e n = 0.80. As illustrated in the rightmost column of table 2, the experimental values can be very well reproduced using the combination e p = 1.20, e n = 0.55 in case of the KB3G interaction (and, similarly, for KB3). These numbers are consistent with an early investigation outlined in [8] , while stressing the rather pure 1f 7/2 3 configurations of the states of interest.
A glance at the A = 45-related numbers in table 2 reveals that these optimum values of effective charges derived for the A = 43 mirror nuclei provide the least accurate prediction, namely underestimate the B(E2; 3/2 − → 7/2 − ) strengths by about one third. Secondly, the experimental uncertainties of the A = 45, T z = ±1/2 mirror system prohibit any firm preference of combination of effective charges. Both established sets provide about equally good overall descriptions of the experimental data, while calculations using the standard values of e p and e n only yield a somewhat more consistent description of the increasing trend of transition rates from 45 Sc via 45 Ti towards 45 V. Nevertheless, e p + e n 2 can be justified. Last but not least, the new state at 107 keV in 45 Cr cannot be associated with the lowest predicted 3/2 − state, since its long experimental half-live is inconsistent with the predictions as well as expectations from isospin symmetry by at least two orders of magnitude. With e
pol and e
pol denoting the isoscalar and isovector contributions arising from excitations of giant quadrupole resonances,
pol − e (1) pol and e n = e 
While the results in [44] (e
pol ∼ 0.47, e
pol ∼ 0.32) are consistent with expectations for N ∼ Z nuclei [54] , the more recent measurements on neutron-rich 50 Ca and 51 Sc indicate vanishing isovector contributions, e
pol ∼ 0, for states dominated by 2p 3/2 configurations [45] . Here, trying to reproduce the experimental values for A = 43, T z = ±1/2 nuclei calls for a reduced isoscalar (e Possible approaches of solving this apparent puzzle are, for example, the use of more realistic potentials, which may provide state and/or orbital dependent mean square radii. Note that transition probabilities derived from (large-scale) shell-model calculations are typically based on well-confined harmonic oscillator wave functions. In addition, proton wave functions dominated by low-j orbitals in N < Z nuclei may give further rise to increased charge radii or, at least, different charge radii of analogue states in mirror pairs. Recently, an orbital dependence of effective charges has been discussed in [45] , and more recently, first attempts towards state-dependent predictions have been put forward [46] . Section 4.2 provides an application of the underlying model on the presently investigated A = 43 and A = 45 mirror nuclei.
Static moments
The lower part of table 2 summarizes the limited experimental knowledge on static electric quadrupole and magnetic dipole moments of the selected nuclei in the lower part of the pf shell. In particular the magnetic dipole moments of the A = 43 mirror nuclei as well as the ground state of the stable isotope 45 Sc are extremely well reproduced with the KB3G parameter set with less than 3% deviation between experiment and theory. KB3 performs only slightly worse.
The shell-model calculations provide spectroscopic quadrupole moments [48, 49] . Both interactions yield about equally good levels of agreement in describing the electric quadrupole moments of four of these five states of interest; the electric quadrupole moment of the 7/2 − ground state of 43 Ti has not been measured yet. Based on the discussion on the transition rates above, the predictions are based on e p = 1.20 and e n = 0.55. However, the use of the standard effective charges or those derived in [44] does not alter the picture. For example, Q = −0.22 and Q = −0.24 are calculated for the ground state of 43 Ti, respectively, instead of Q = −0.21 in table 2. Furthermore, looking at the experimental and predicted values of electric quadrupole moments of mirror states, it becomes evident that this variable is rather insensitive to isospin breaking effects -at the same time it is a quantity which is rather difficult to measure experimentally.
By contrast, transition rates and magnetic dipole moments are more promising to study details of the isospin degree of freedom. There are, for example, distinct differences of both ground and excited mirror states, both predicted and measured.
A final note concerns the rather old measurements of moments of the ground and excited states quoted for 45 Ti [53] . Given the level of agreement for all other states, which have been derived with in part much higher precision, an experimental revision appears more of a concern than trying to assess possible reasons for the discrepancy with the present predictions.
State Dependent Effective Charges
The investigation of dynamic and static electric moments in the preceding section 4.1 is based on a single set of effective charges for the full pf shell and harmonic oscillator wave functions. Recent experimental results on neutron rich pf -shell nuclei indicate, however, an orbital dependency of effective charges [45] . Therefore, the approach of deriving microscopically state-and orbital dependent effective charges [46] is employed to assess the present results from that point of view as well.
In [46] , the method estimates the B(E2) values of the terminating bands in Ti isotopes. In the cases concerned, the microscopic effective charges as well as the standard charges e p = 1.5, e n = 0.5 both well reproduce the experimental B(E2) values for terminating states, for which the valence particles tend to converge in 1f 7/2 orbitals. Hence, the B(E2) values of terminating states become superior probes for the effective charges related in particular to 1f 7/2 → 1f 7/2 dominated transitions. Indeed, this is similar to the aligned 19/2 − mirror states in 43 Ti and 43 Sc, respectively. The microscopic polarization charges are calculated in the framework of the particle-vibration coupling model, where the giant quadrupole resonances are treated by the continuum random phase approximation on top of the Skyrme Hartree-Fock mean-field. Based on the one-body transition densities given by the shell-model calculations, the electric quadrupole transition matrix elements are calculated by two methods. The one labeled as PV in table 3 uses the microscopic polarization charges and the Skyrme Hartree-Fock (HF) wave functions. Here, the HF wave functions using the SKM* interaction [55] are applied to estimate polarization charges as well as estimate reduced matrix elements when calculating B(E2) values. The other method labeled as HO uses the standard effective charges, e p = 1.5 and e n = 0.5, with harmonic oscillator wave functions, similar to the calculations in section 4.1 but without considering explicit isospin breaking terms. In the HO method the oscillator parameter
is applied. A denotes the mass number.
The NuShell@MSU code [57] with the full pf shell and the KB3 [42, 26] residual interaction was used. Table 3 provides the state-dependent effective charges for the most relevant 1f 7/2 → 1f 7/2 and 2p 3/2 → 1f 7/2 transitions, the predicted B(E2) values calculated with the PV and HO methods, as well as the proton and neutron root-mean square radii. These radii of initial states are calculated by combining the one-body transition densities, i.e. in the present case the occupation numbers in the valence orbitals, with the HO or HF single-particle wave functions.
The differences for proton and neutron radii of the states of interest in table 3 appear to be small on the few-percent level. Since all pf orbitals have non-zero orbital momentum and in view of the Coulomb barrier, the HO wave functions are certainly a good approximation even for protons at the surface of neutron-deficient nuclei. For deeply bound neutrons, the HO wave function is a good approximation, too. Thus it is in principle safe to use HO wave functions even for nuclei close to the proton drip line. Nevertheless, different differences of neutron and proton radii do of isobaric analogue states have an impact on electromagnetic observables of mirror states -and even their relative excitation energies by means of different Coulomb energy shifts as discussed, for instance, in [12, 14] .
The microscopic effective charges for 1f 7/2 → 1f 7/2 transitions are found to be approximately e p ∼ 1.35 and e n ∼ 0.65 for both A = 43 and A = 45 nuclei under investigation. The values for 2p 3/2 → 1f 7/2 transitions are similar. These numbers are also consistent with the experimentally extracted values in [8] , at that time assuming a simple, restricted 1f 7/2 n shell-model space.
The values e p ∼ 1.35 and e n ∼ 0.65 imply isoscalar e
pol ∼ 0.50 and isovector e (1) pol ∼ 0.15 charges, the latter being similar to the one derived in section 4.1 but different from the values indicated in [44, 45] . Note that the PV method provides an improved description of the B(E2; 19/2 − → 15/2 − ) rate in 43 Ti and, consequently, the ratio of the decay strengths of the corresponding A = 43 mirror states. One reason is the larger difference of calculated proton and neutron radii for the PV compared to the HO method for 43 Ti. The microscopic effective charges show some isospin dependence: The values increase as isospin T z = (N − Z)/2 values decrease, and more pronounced for e n (some 25%) than for e p (some 5%) when moving from 45 Sc (T z = 3/2) to 45 Cr (T z =-3/2). The effective charges between other pf orbitals are somewhat reduced with respect to the values of the 1f 7/2 → 1f 7/2 transition, because these orbitals are further away from the nuclear surface for nuclei in the lower part of the 1f 7/2 shell.
In table 3 it is shown that the PV and HO methods reproduce the B(E2) values of terminating states in 43 Sc and 43 Ti to about the same extent. However, for the 3/2 − → 7/2 − transitions, both methods underestimate the B(E2) values. This kind of underestimation can also be seen at low spins in other pf -shell nuclei, for example in 48 Cr [26] or 46, 48 Ti [46] . Further theoretical investigations of these low-lying states appear necessary, possibly including 2p− 2h excitations across the shell gap at particle number 20.
First Assessment of M 2 Mirror Isomers
In [19] , positive-parity bands in some odd-A pf -shell nuclei were discussed in the framework of an extended shell-model space. In particular, reported 3/2 + states in several odd-A nuclei in the lower part of the 1f 7/2 shell are well described by a dominant 1d 3/2 character. In this paper, the A = 43 and A = 45 I π = 3/2 + mirror isomers in 43 Sc and 43 Ti as well as 45 Sc and 45 Cr are calculated with a sdpf interaction based on [47] , but with some monopole modifications according to [58] . This interaction is part of the NuShell@MSU package [57] . Note that this interaction does not include any monopole or multipole related isospin breaking terms.
In the present calculation, the 1d 5/2 and 2s 1/2 orbitals are fully occupied and closed as set in [47] . The B(M 2) strengths are evaluated with free g-factors and harmonic oscillator wave functions. The calculated reduced B(M 2) transition strengths are compared with the experimental values in table 4. Clearly, the predictions fall into the right order of magnitude of B(M 2) ∼ 0.05-0.10 W.u., with the experimental numbers of the neutron-rich partners, namely 43, 45 Sc, being very well reproduced. The mismatch of about a factor of two in the case of 43 Ti can possibly be linked to the necessity of either including isospin breaking terms in the interaction or modifying the effective g-factors for M 2 transitions. A detailed investigation of these effects, however, requires a dedicated theoretical study on a broader basis of experimental states in the vicinity of doubly-magic N = Z = 20 40 Ca. Including the 1d 5/2 and 2s 1/2 orbitals in the shell-model calculations simply quenches the B(M 2) transition strengths in 43 Sc and 43 Ti to 0.058 W.u. and 0.093 W.u., respectively. Last but not least, the prediction of B(M 2) = 0.106 W.u. for the = 3/2 + → 7/2− transition in 45 Cr provides confidence in associating the observed isomeric state in 45 Cr with this calculated state. With respect to section 4.1, a 3/2 − assignment appears highly unlikely due to severe inconsistencies with both the pf shell-model calculations and isospin symmetry arguments. Using the ratio of the observed upper limit and the predicted B(M 2) value, a halflife on the order of 1-2 ms can be estimated for a likely 3/2 + state at 107 keV excitation energy.
Summary
Isomeric states in the neutron-deficient mass A = 43 and A = 45 isotopes have been observed using the GSI fragment separator in combination with the RISING Gedetector array. Electromagnetic properties of isomeric states in mirror nuclei are interpreted based on shell-model calculations. The microscopic particle-vibration coupling model on top of the selfconsistent Skyrme Hartree-Fock plus continuum random phase approximation theory is used to estimate the core polarization charges. A previously unreported isomeric γ-ray transition of 107 keV energy in T z =-3/2 45 Cr is interpreted as an 3/2 + → 7/2 − M 2 decay. This is in line with previous experimental findings on this exotic isotope [38] . Corresponding A = 43 and A = 45 B(M 2; 3/2 + → 7/2−) transition rates are very well described by contemporary sdpf shell-model calculations.
The present results add further evidence that pairs of mirror nuclei between N = Z = 20 and N = Z = 28 are prime candidates to study subtle effects of isospin breaking forces, which alter notably shell-model interactions and thus their predictions. Here, lifetime measurements with the deduced transition strengths as well as magnetic dipole moments provide more profound testing grounds than static electric quadrupole moments.
In view of the present experimental results and the studies of [44, 45, 46] it is apparent that state-and orbital-dependent effective charges are needed to explain all observed B(E2) transition rates in pf -shell nuclei. This concerns mostly the isovector components of the effective charges, which seemingly differ for nuclei near 56 Ni, e (1) pol ∼ 0.35 [44] , 48 Ca, e
pol ∼ 0 [45] , and 40 Ca, e
pol ∼ 0.15 (present study). Whether or not extended radii of protons in valence orbitals of states in nuclei near the proton dripline are crucial to include in these investigations remains to be seen. Of course, measurements of charge distributions of ground and isomeric states in unstable (mirror) nuclei are decisive and on the horizon at upcoming radioactive ion-beam facilities. Tables and table captions   Table 1 . Experimental results on excitation energies, spins, parities, and halflives of the isomeric states and γ-ray energies, multipolarities, and strengths of the transitions depopulating the isomers. a Using e p = 1.20, e n = 0.55. 
